Hydrogenases are metalloenzymes that catalyze the interconversion between H 2 and H + s. Their high activities coupled with high affinities for H 2 have attracted interest in their reaction mechanism.
Reactivation from the Ni-B state in [NiFe] hydrogenase of Ralstonia eutropha is controlled by reduction of the superoxidised proximal cluster † MBHs contain a membrane-integral subunit, cytochrome b, which couples H 2 oxidation activity to the reduction of the quinone pool. 12, [23] [24] [25] [26] [27] [28] The cytochrome b subunit also anchors the protein complex to the cytoplasmic membrane, in which MBH is known to form oligomers (for simplicity, the higher oligomeric state is not shown in Scheme 1). A distal [4Fe-4S] cluster of MBH is located close to the surface of the small subunit and it has been proposed that this enables intermolecular electron transfer within the dipartite or tripartite supercomplex in the membrane. 23, 26 Electrochemical techniques have been very useful for testing the catalytic properties of hydrogenases via mediated or direct electron transfer. Protein film electrochemistry (PFE) has been especially helpful in elucidating inhibition mechanisms. PFE monitors the catalytic turnover of an enzyme directly adsorbed on the electrode while the redox state of the enzyme is controlled via the applied potential. PFE studies have shown that under H 2 , O 2 -tolerant [NiFe] hydrogenases recover activity quickly after being exposed to oxidizing potentials (anaerobic inactivation) or O 2 .
18-21,29-32 So far, most PFE studies have employed the heterodimeric hydrogenase module only, which is a water soluble heterodimeric (ab) sub-complex of the MBHs. We have recently shown that the full heterotrimeric membrane-bound [NiFe] hydrogenase (MBH) from R. eutropha in equilibrium with the quinone pool displays enhanced tolerance to oxidizing conditions compared to the heterodimeric sub-complex. 33 For instance, no inactivation was observed in the presence of H 2 under (anaerobic) oxidative redox conditions where PFE of the hydrogenase module showed Ni-B formation. In our system, the MBH from R. eutropha, along with its native lipid environment in the cytoplasmic membrane, is tethered to the electrode via a mixed self-assembled monolayer (SAM) (Scheme 1) containing a cholesterol-based tether (EO 3 -cholesteryl). The tethers are mixed with 6-mercaptohexanol spacer molecules, which phase-separate on the surface, leaving space for transmembrane proteins such as MBH. A tethered bilayer lipid membrane (tBLM), containing E. coli polar lipids, quinones, and cytoplasmic membrane extracts of R. eutropha, is then formed on top of the SAM by self assembly. In this system, the redox-active MBH is in equilibrium with quinones added in the tBLM, either ubiquinone-10 or menaquinone-7. The redox state of the quinone pool is controlled via the electrode potential.
In the absence of H 2 , MBH is known to reside in the Ni-B state, which is thought to protect the active site from irreversible damage. 19 To confirm that the Ni-B state is formed in MBH in our setup, multiple H 2 -saturated aliquots of buffer were injected under anaerobic conditions while the electrode potential was poised at 0.5 V vs. SHE (Fig. 1, black trace) . The transient exposure leads to the peak-shaped signals shown in the chronoamperograms in Fig. 1 . Upon injection of hydrogen, MBH reactivates, leading to a rise in oxidative current. As the concentration of the injected gas decays exponentially with time (while the electrochemical cell is stirred and flushed with another gas, like N 2 ), the oxidative current returns to the baseline as H 2 is flushed out. 34 The current increase and decay reveal information about the (re)activation and inactivation kinetics, respectively. We note that the enhanced oxygen tolerance of the full heterotrimeric MBH in our system enables, for the first time, to detect the reactivation under oxidative conditions, whereas in previous PFE experiments this was not possible as reactivation required reductive (or mild oxidative) conditions. In the case of MBH wt donating electrons to ubiquinone, reactivation after the second injection was 1.5 times faster compared to the first reactivation based on the slope of the linear domain of the current increase at a potential of 0. ; n = 9; the time between injections was approximately 400 s). Because the H 2 depletion rate is identical after both injections, the peak height after the second injection is thus higher (Fig. S1, ESI †) .
To further confirm that the inactive state in our setup represents the Ni-B state, O 2 was injected into the cell solution (via an airsaturated aliquot of buffer) after two injections of substrate (Fig. 1, blue (Fig. 1, black trace) . The reactivation kinetics after O 2 treatment was identical to that after N 2 injection, confirming that the Ni-B state is indeed responsible for the observed kinetics. The reactivation rate decreases as the time of the oxidative poise between the 2nd and 3rd injection increases (Fig. S2 , ESI †). The reactivation rate after the 1st H 2 injection is only marginally faster than that of the 3rd injection after prolonged oxidative poise, in line with the expectation that the MBH mainly resides in the Ni-B state in anaerobic electron-deficient conditions. The inactivation kinetics indicates that the accumulation of Ni-B is complete approximately 400 s after all H 2 is removed from solution.
Having confirmed that inactivation is due to Ni-B formation, we studied the reactivation kinetics by analysing the slope of current increase after injection of H 2 . First, the potential dependence of the reactivation kinetics was investigated using menaquinone-containing tBLMs (Fig. 2a) . Menaquinol has a lower oxidation potential, which enables studies over a wider potential window (0.2-0.6 V). Reactivation rates were only marginally slower at higher potential (a 17% decrease of the slope of the reactivation trace was observed when increasing the potential from 0.2 V to 0.4 V). A similar potential dependence of Ni-B reactivation was observed with the hydrophilic heterodimeric forms of the MBHs from A. aeolicus and E. coli. 31, 35 Next, we studied the temperature dependence and higher temperatures significantly increased the reactivation rate (Fig. 2b) . The temperature profiles allowed the determination of the activation energy (E a ) from Arrhenius plots using the slope of the reactivation trace as the temperature dependent variable (Fig. 3) . E a was determined to be 141.5 (AE5.0) kJ mol À1 (n = 3) at 0. was 4 to 5 times lower compared to MBH wt in our setup (Fig. 4a) , which is attributed to the lower expression level of the variant, an unfavourable potential of the engineered [4Fe-4S] cluster and/or a higher sensitivity towards oxygen, irreversibly deactivating more of the MBH during extraction from R. eutropha. Importantly and unexpectedly, it was found that MBH C19G/C120G reactivates 7 times faster than the MBH wt (Fig. 4b) . The normalised rate of current increase for MBH C19G/C120G
, after H 2 injection, was 1027.7 (AE41.7) Â 10 À4 s À1 (n = 11). To determine if the faster reactivation kinetics is due to a lower activation energy, the temperature dependence of the kinetics was determined. As the variant is less active, it was not possible to accurately probe the reactivation at low potentials (the lower currents led to unacceptable signal-tonoise ratios). It was observed that the variant was also less thermostable. Nonetheless, in spite of the smaller temperature window, it is clear that the reactivation energy is significantly lower (Fig. 3) . At 0.5 V, E a was 22 AE 8 kJ mol À1 (n = 4), which is remarkably similar to that determined for H 2 oxidation. In conclusion, we have confirmed that in the absence of H 2 and under electron-deficient conditions, the full heterotrimeric MBH in our experimental system forms the Ni-B state, as previously extensively shown for the hydrogenase module (a water soluble heterodimeric (ab) sub-complex of the membranebound hydrogenases). The MBH variant carrying a standard [4Fe-4S] proximal cluster reactivated many times faster than wild-type MBH, suggesting that the reduction of the superoxidised proximal cluster determines the kinetics of Ni-B reactivation. Active site protection in oxidative conditions is proposed to be achieved by the formation of the superoxidized state of the proximal cluster, which interrupts the functioning of the [FeS] 
Notes and references

